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Abstract

To obtain magnetorheological elastomers (MREs) with improved mechanical properties and
exhibiting an enhanced magnetorheological (MR) effect, bio-inspired dopamine modiﬁcation has
been used to improve the functionality at the surface of carbonyl iron (CI) particles. Various
techniques including x-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were used to conﬁrm that a polydopamine
(PDA) layer of about 27.5 nm had been successfully deposited on the surface of the carbonyl
iron particles prior to their inclusion in the MRE composites. The magnetic properties of PDA
modiﬁed CI particles were shown to be almost the same as those for untreated CI particles. With
the introduction of a PDA layer to the surfaces of the particles, both the tensile strength and the
elongation at break of the MREs were improved. Furthermore, the MRE composites ﬁlled with
PDA-coated CI particles exhibited lower zero-ﬁeld storage moduli but higher magnetic ﬁeld
induced storage moduli when magnetization saturation was reached. The absolute and relative
MR effect for the MREs reached 0.68±0.002 MPa and 294% respectively, which were higher
than those of MREs with pristine CI particles whose absolute and relative MR effect were
0.57±0.02 MPa and 187% respectively. The ﬁndings of this work provide insights into
enhanced fabrication of MREs with both improved mechanical properties and magneto-induced
performance.
Keywords: mangetorheological elastomers, carbonyl iron, dopamine, surface modiﬁcation, shear
modulus
(Some ﬁgures may appear in colour only in the online journal)
exposed to external magnetic ﬁelds [1]. Tunable viscoelastic
changes in modulus make MREs suitable materials for many
applications such as vibration absorbers [2–5], adaptive
dampers [6] and sensors [7, 8].
MREs consist of soft ferromagnetic particles suspended
in elastomeric matrices. The magnetic particles are key in
determining the performance of MREs. It has been shown that

1. Introduction
Smart materials, also known as stimuli-responsive materials,
have attracted tremendous attention in recent years for their
wide potential applications in numerous ﬁelds. Mangetorheological elastomers (MREs) are a range of smart materials that can change their viscoelastic properties when
0964-1726/20/055005+12$33.00
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the type of magnetic particles, the particle concentration, their
size and shape, magnetic properties and spatial distribution
within the matrix all have signiﬁcant inﬂuence on the ﬁeldinduced properties of MREs [9–16]. As well as particlerelated factors, the selection of a suitable matrix materials also
plays an important role in determining their effectiveness
[17–19]. Generally, the matrix should be highly elastic to
allow the rearrangement of the particles under a magnetic
ﬁeld, and thereby to enhance the magnetic ﬁeld induced
mechanical properties of MREs. Consequently, silicone rubber and polyurethane, both with high elasticity, have been
widely used as the matrix materials to fabricate various MRE
composites [20–22]. In order to meet the likely requirement
for mechanical strength in practical engineering applications,
natural rubber, styrene-butadiene rubber and various polymer
blends have also been used to fabricate MREs with improved
mechanical properties [23–26].
Since MREs are polymer based composite material, their
performance is also inﬂuenced by the quality of the interface
between magnetic particles and the elastomeric matrix
[27, 28]. Often, the introduction of inorganic particles into the
polymer matrix leads to weak interfacial interaction between
the two components, especially when a high content of
magnetic particles (normally above 50% by weight) is
incorporated to achieve a desirable magnetorheological (MR)
effect. In addition, particle agglomerations is usually formed
due to the Van der Waals forces between magnetic particles.
Various methods including polymer coating [29–31] and
bifunctional coupling agent treatments [32, 33] have been
reported to modify the surface of magnetic particles with the
aim of improving their bonding with the elastomeric matrix.
For example, Yu et al [29] prepared an MRE containing
polyaniline (PANI)-modiﬁed carbonyl iron particles; the
results showed that the PANI modiﬁcation enhanced the
interfacial interaction of the MRE. The MRE sample with
PANI-modiﬁed CIPs exhibited a larger storage modulus,
smaller loss factor and a lower magnitude of the Payne effect.
Cvek et al [30] grafted the carbonyl iron particles with poly
(trimethylsilyloxyethyl methacrylate) (PHEMATMS) through
surface-initiated atom transfer radical polymerization. It was
found that the PHEMATMS grafts improved the particle ﬁller/polydimethylsiloxane matrix interactions and the MR
effect of the MRE. Although to a certain extent these methods
can improve the interfacial interactions and the performance
of MREs, they have practical limitations, such as a need for
multi-step production, the use of complex instruments and
environmental challenges. Hence, ﬁnding a new method
which is simple, efﬁcient, nontoxic, and easy to control
becomes more and more important in order the quest for
researchers to improve the performance of MREs.
Inspired by the strong adhesion of mussels, wherein
long-lasting adhesion in a wet environment and adherence to
almost all types of organic and inorganic surfaces is achieved,
Lee et al successfully coated poly(dopamine) (PDA) on the
surface of SiO2, TiO2, Cu, and Au in 2007 [34]. Because of
its simple ingredients, mild reaction conditions and non-polluting properties, the self-polymerization of dopamine provides a convenient and effective method for surface coating

and adhesion purposes, and has been used widely for the
surface modiﬁcation of various organic/inorganic materials
[35–37]. However, improvement of interfacial interactions
and magnetic ﬁeld induced viscoelastic properties of MREs
through PDA functionalization has not been reported on
to date.
In this work, the surface of carbonyl iron particles was
modiﬁed through self-polymerization of dopamine and the
effect of dopamine modiﬁcation on the surface morphology
and magnetic properties of the carbonyl iron particles was
evaluated. The inﬂuence of the polydopamine surface modiﬁcation on the microstructure, mechanical properties and
magnetic ﬁeld induced viscoelastic properties of silicone
rubber based MREs was also investigated.

2. Experimental
2.1. Materials

Two-component room temperature vulcanized (RTV) silicone
rubber (SR) was purchased from the Red Leaves Company,
Shenzhen, China. Soft carbonyl iron (CI) particles with size
distributions of d10=3.6 μm, d50=7.3 μm and
d90=16.8 μm (Grade CN) were supplied by BASF, Germany. Dopamine hydrochloride (DA·HCl), tris (hydroxymethyl) aminomethane (Tris) and ethanol were procured
from Macklin, China.
2.2. Surface modification of CI particles

Initially, the surface of CI particles was activated by treating
them with ethanol for 20 min. Then, the surface activated CI
particles were functionalized with polydopamine (PDA).
Brieﬂy, DA solution (400 ml) with a concentration of
2.0 g·L-1 was prepared by dissolving DA·HCl powder in
distilled water and the pH value of the solution was adjusted
to 8.5 by adding Tris. Pre-treated CI particles (10 g) were then
put in the DA solution and processed at 25 °C for 24 h. After
modiﬁcation, the CI particles were separated from the solution with a magnet, rinsed with distilled water three times and
then dried in a vacuum oven at 60 °C overnight. Surface
modiﬁed CI particles have been denoted as CI-PDA in the
following text.
2.3. Fabrication of MREs

Anisotropic silicone rubber based MREs were fabricated by
incorporating 60 wt% of either CI or CI-PDA particles into
the two-component silicone rubber. Firstly, the particles were
added to part A of the RTV SR and mechanically stirred for
10 min. Then, part B of the RTV SR was added to the mixture
and mechanically stirred for another 10 min. The resulting
mixture was poured into a mold and degassed in a vacuum to
remove entrapped bubbles. Finally, the whole mixture was
placed in an electromagnet and cured under a magnetic ﬂux
density of 500 mT for 2 h. The MRE samples obtained,
containing either CI or CI-PDA particles were denoted as
SR/CI and SR/CI-PDA respectively. The surface modiﬁcation
2
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Figure 1. Schematic illustration of the procedure for surface modiﬁcation of CI particles and preparation of MREs.

form with 20 mm diameter and 1 mm thickness. During the
testing process, the samples were held between a stationary
lower plate and an upper plate connected to a rotor subject to
forced torsion oscillations.

process of CI particles and the preparation of MREs are schematically illustrated in ﬁgure 1.

2.4. Characterization

The chemical compositions of the surfaces of the CI and CIPDA microparticles were determined by x-ray photoelectron
spectroscopy (XPS). XPS measurements were carried out on
an ESCALAB 250XI XPS system (Thermo Electron Corporation, USA) with an Al Ka x-ray source (1486.6 eV
photons). The core-level signals were obtained at a photoelectron take-off angle of 45° with respect to the sample
surface.
The magnetic properties (M–H curve) of the pure CI and
CI-PDA particles were measured by using a physical property
measurement system (PPMS-9, Quantum Design, America).
Measurements were carried out at a temperature of 300 K.
Surface morphologies of the CI and CI-PDA particles
were observed by using a scanning electron microscope
(SEM) (VEGA3, TESCAN, Czech) operating at a voltage of
10 kV and a high-resolution transmission electron microscope
(HR-TEM) (JEM2100F, JEOL, Japan) operating at a voltage
of 200 kV. The morphologies of the MREs ﬁlled with CI and
CI-PDA particles were investigated by SEM using the Hitachi
VEGA3 scanning electron microscope. The distribution of
iron (Fe) in the MRE composites was mapped by using an
energy dispersive x-ray spectrometer (EDX) (E1856-C2B,
EDAX, USA).
The MR behavior and dynamic viscoelastic properties of
MRE specimens were tested in shear oscillation mode using
an advanced commercial rheometer (MCR302, Anton Paar,
Austria) equipped with an electromagnet (MRD 170). The
magnetic ﬂux density was varied from 0 to approximately 1 T
by altering the driving current in the coil of the electromagnet
in the range of 0–5 A. The specimens were prepared in disc

3. Results and discussion
3.1. Dopamine self-polymerization on the surface of CI
particles

The presence of PDA on the surface of CI particles was
determined by using XPS, SEM, and HR-TEM. Figure 2(a)
shows the XPS wide-scan spectra of CI and CI-PDA particles.
The peak at 780 eV represents the occurrence of Fe. The
appearance of the peak at 529.3 eV for oxygen (O) in the
spectrum of CI particles might be due to the presence of a
small amount of hydroxyl groups on the metal surface [30].
The small amount of carbon (283.8 eV) can be considered as
an impurity. Compared with CI particles, the spectrum of CIPDA particles show the signal from the N 1s electron of the
dopamine on the CI-PDA particles. The N 1s core-level
spectrum of the CI-PDA particles shown in ﬁgure 2(b) can be
curve-ﬁtted with two peak components; one peak at 399.5 eV
attributed to the amine (−N–H) groups and the other at
398.5 eV attributed to the imine (−N=) groups. The amine
(−N–H) groups belong to dopamine, while the imine (−N=)
groups are formed by the indole groups through structure
evolution during the dopamine self-polymerization [38]. The
XPS results suggest that PDA successfully deposited on the
surface of CI particles through the oxidative self-polymerization of dopamine.
SEM was used to observe the surface topography of CI
and CI-PDA particles, and the results are shown in
ﬁgures 3(a) and (b). It can be observed that the surfaces of
3
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Figure 2. (a) X-ray photoelectron spectra of CI and CI-PDA particles and (b) the N 1s core-level spectrum of the CI-PDA particles.

Figure 3. SEM micrographs of (a) CI particles and (b) CI-PDA particles and HR-TEM images of (c) CI particles and (d) CI-PDA particles.

CI-PDA particles were rougher than those of the CI particles,
probably because of the deposited polydopamine on the surface of the CI particles. Moreover, the distinct layer of PDA
observed by HR-TEM, as shown in ﬁgures 3(c) and (d),
further conﬁrmed the successful deposition of PDA on the CI
particles. From ﬁgure 3(d) it can be observed that the

thickness of the PDA coating on the CI particles was
approximately 27.5 nm.
The magnetic properties of the untreated CI and CI-PDA
were investigated and the M–H curves are shown in ﬁgure 4.
Both kinds of particles exhibited almost hysteresis-free loops,
small coercivities and remanent magnetizations, indicating
4
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curve did not tend to an ‘S’ conﬁguration as did that for the
unﬁlled SR. This was particularly true for the composite
containing untreated CI where the inﬂuence of the particles
was to stiffen the material in the stress-strain range below the
region where crosslinks broke down. Notably, the SR/CI
composite failed at a much lower elongation than the SR and
SR/CI-PDA composites. The SR/CI-PDA composites did
not exhibit this brittleness, in fact they achieved slightly
higher elongations at failure than the unﬁlled SR samples.
Hence, it is reasonable to conclude that the polydopamine
coated CI particles, having less severe transitions in modulus
and Poisson’s ratio at the interfacial layers, allow higher
strains for given stresses.
3.3. Magnetorheological properties of MREs
3.3.1. Magnetic field induced viscoelastic properties of
MREs. Firstly, the effect of a magnetic ﬁeld on the

Figure 4. The M–H curves of untreated CI and CI-PDA particles.

viscoelastic properties of MREs was investigated. The
measurements were made from tests carried out at a
constant strain amplitude of 0.1% and a frequency of
10 Hz. In successive tests, the electric current was increased
from 0 to 5 A which corresponds to a magnetic ﬂux density of
0 to 1088 mT. Figure 7 shows the magnetic-dependent shear
storage modulus (G′), loss modulus (G′′) and loss factor (tan
δ) for pure SR and MREs containing CI and CI-PDA
particles. The storage modulus and loss modulus of pure SR
remained unchanged with increasing magnetic ﬂux density
and was lower than the zero-ﬁeld storage modulus and loss
modulus of SR/CI and SR/CI-PDA composites (ﬁgures 7(a)
and (b)). From ﬁgure 7(a) it can be seen that for both SR/CI
and SR/CI-PDA composites, the shear storage modulus
increased signiﬁcantly with increasing magnetic ﬂux density
up to 600 mT and thereafter leveled off. This phenomenon
has been observed previously in similar tests on MREs
[13, 30, 32, 39]. This is because under the application of an
external magnetic ﬁeld, the enhanced particle magnetization
and magnetic interactions between the particles reinforced the
composite structure and resulted in a ﬁeld responsive modulus
[30]. However, when the magnetic ﬂux density exceeded 600
mT, the particle magnetization reached saturation and hence
only minor changes in storage modulus were induced.
The dependence of loss modulus on magnetic ﬂux
density exhibited a similar trend, with a substantial rise as
magnetic ﬂux density increased and then reached a stable
value as shown in ﬁgure 7(b). The increase in the loss
modulus with increasing magnetic ﬁeld was mainly due to the
large energy dissipation caused by friction between the
magnetic particles as they were rearranged under the applied
magnetic ﬁeld. The possible rupture of the matrix polymer
segments during the re-structuring of the magnetic particles
could also have contributed to the increases in loss modulus
[40]. As for the dependence of loss modulus on magnetic ﬂux
density, when the magnetic ﬁeld was sufﬁciently strong (in
excess of 600 mT), the particle magnetization reached a
saturation and consequently resulted in an almost unchanged
loss modulus in the materials for further increases in magnetic
ﬂux density.

super paramagnetic behavior for both CI and CI-PDA [29].
The saturation magnetization value (Ms) of pure CI particles
and CI-PDA particles were 217.3 emu· g−1 and 214.6 emu· g−1,
respectively. This suggests the PDA surface modiﬁcation had
not resulted in any signiﬁcant change in the magnetic properties
of CI particles.
3.2. Microstructure and mechanical properties of MREs

The SEM images and the corresponding EDS mapping of Fe
element for SR/CI and SR/CI-PDA particles are displayed in
ﬁgure 5. It can be seen that the CI and CI-PDA particles
distributed anisotropically in the silicone rubber matrix and
formed chain-like structure in the direction of the magnetic
ﬁeld applied during the curing process.
The mechanical properties of pure SR and containing
both treated and untreated magnetic particles were investigated. Figure 6(a) depicts the typical stress-strain curves for
SR, SR/CI and SR/CI-PDA and the corresponding tensile
strength, elongation at break and elastic modulus for each
material are shown in ﬁgure 6(b). It can be seen that the
incorporation of both CI and CI-PDA particles decreased the
tensile strength of pure SR. When compared with SR/CI
composites, both tensile strength and elongation at break of
SR/CI-PDA composites were improved. In particular, the
elongation at break of SR/CI-PDA equalled that of pure SR.
This indicates that the interaction between the particles and
the silicone rubber was enhanced after surface modiﬁcation of
CI particles. Generally, the incorporation of various inorganic
ﬁllers into a polymer matrix leads to a sharp increase in the
elastic modulus due to the stiffening effect of the ﬁllers. In
this work, the same phenomenon was also observed and
hence ﬁgure 6(b) shows that the elastic moduli of the composites containing CI or CI-PDA particles were higher than
that of pure SR. However, the elastic moduli of MREs ﬁlled
with CI-PDA particles were lower than those of the MREs
ﬁlled with CI particles. Figure 6(a) shows that the composites
containing particles did not conform to the typical uniaxial
load/displacement curve associated with elastomers. The
5
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Figure 5. SEM images of (a) SR/CI and (b) SR/CI-PDA; EDS mapping of Fe element for (c) SR/CI and (d) SR/CI-PDA.

Figure 6. (a) Typical stress-strain curves and (b) tensile strength, elongation at break and elastic modulus for SR, SR/CI and SR/CI-PDA.

Furthermore, the effect of PDA modiﬁcation on the
viscoelastic properties of MREs was evaluated. It can be seen
from ﬁgures 7(a) and (b) that the zero-ﬁeld storage modulus
and loss modulus of SR/CI-PDA was slightly lower than that
of SR/CI. The shear modulus of MREs in zero ﬁelds can be
calculated by using the Einstein–Guth–Gold equation [41]:
G ¢ = G 0 (1 + 2.5F + 14.1F2 )

where G′ is the shear storage modulus of MRE, G0 is the
shear modulus of the unﬁlled matrix and Φ is the volume
fraction of particles. The PDA coating resulted in a decreased
volume fraction for the CI particles in SR/CI-PDA
composites by comparison with that for SR/CI composites
and the CI-PDA partially displayed polymeric mechanical
behavior, so the zero-ﬁeld shear modulus of SR/CI-PDA was
lower than that of SR/CI. However, the shear storage

(1 )
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Figure 7. Dependence of (a) shear storage modulus, (b) shear loss modulus and (c) loss factor on the applied magnetic ﬂux density for pure

SR, SR/CI and SR/CI-PDA.
Table 1. Field-off/on G′ of SR/CI and SR/CI-PDA and their MR effect.

Sample
SR/CI
SR/CI-PDA

G′0 (MPa)

G′H(MPa)

ΔG′ (MPa)

e (%)

0.31±0.005
0.23±0.004

0.88±0.007
0.91±0.005

0.57±0.002
0.68±0.002

187±2.78
294±4.11

modiﬁcation of CI particles. The same phenomenon has been
reported previously [44]. This is thought to be because the
enhanced interfacial interaction between CI-PDA particles
and the silicone rubber matrix resulted in a higher loss of
energy due to the friction that occurs with the movement of
particles relative to the surrounding matrix.
To compare the magnetorheological behaviour of SR/CI
and SR/CI-PDA, the relative MR effect (e) of the materials
was evaluated from magneto-sweep measurements complying
with equation (2):

modulus of SR/CI-PDA was higher than that of SR/CI at the
point where magnetization saturation was reached. This was
because the bonding force between the CI particles and the
silicone rubber improved after PDA modiﬁcation, with the
magnetic ﬁeld induced interaction between the particles
transferring effectively to the matrix and hence resulting in
a greater increase in the storage modulus [28]. The stronger
structure formed in the SR/CI-PDA composite under a
magnetic ﬁeld required more energy to rupture the material,
which resulted in a higher loss modulus than that of SR/CI
(ﬁgure 7(b)).
Figure 7(c) illustrates the dependence of loss factor (tan
δ) on magnetic ﬂux density. It is shown that with the increase
of the external magnetic ﬁeld, the damping loss factor of both
SR/CI and SR/CI-PDA composites was raised to a
maximum at a ﬂux density of about 100 mT. Thereafter, it
gradually fell to a steady value with further increases in
magnetic ﬂux density. It is generally known that the overall
damping capacity of MREs is a combination of the intrinsic
damping determined by the ﬁller content and the constitutive
damping capacity of each individual component, the interface
damping caused by the internal friction between the two
material phases and the magneto-mechanical damping due to
the occurrence of magnetic loss [42]. When a low magnetic
ﬁeld was applied to the MRE samples, the magnetic force
between the magnetic particles induced an increase in the
magnetic interaction between the particle and the matrix. This
led to more energy dissipated due to the interface slippage and
the higher damping loss factor of the MREs. With further
increases in the magnetic ﬁeld, the rubber was more
constrained due to the increased interaction between the
magnetic particles. Therefore, the energy dissipation at the
interface decreased and the damping loss factor of the MREs
declined accordingly [15, 43].
It can also be noted that the MREs with CI-PDA particles
had higher loss factors than those containing CI particles,
indicating an enhanced damping provided by the surface PDA

e=

GH¢ - G0¢
G0¢

(2 )

where G′H is the maximum ﬁeld-on modulus and G′0 is the
ﬁeld-off modulus. The corresponding results are summarized
in table 1.
These results demonstrate that the relative MR effect of
MREs containing PDA modiﬁed CI particles reached 294%,
an improvement of 57% on the MREs with pristine CI
particles. The magneto-induced modulus, also known as
absolute MR effect (given in equation (3)) was also enhanced
for the SR/CI-PDA composites.
DG ¢ = G ¢ H - G ¢0

(3 )

The higher MR effect of SR/CI-PDA composites than
that of SR/CI composites could be attributed to two factors:
ﬁrstly, the zero-ﬁeld storage modulus of SR/CI-PDA
composites was lower than that of SR/CI composites due
to the partial polymeric mechanical behavior of the CI
particles when they were coated with a PDA layer; secondly,
the −OH and −NH groups in PDA could have formed
hydrogen bonds with oxygen atoms in the silicone rubber
backbone and hence improved the interfacial adhesion
between CI particles and the SR matrix, consequently, the
shear storage modulus of SR/CI-PDA was higher than that of
SR/CI at the point where magnetization saturation was
7
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Figure 8. Dependence of shear storage modulus, loss modulus and loss factor on oscillation shear frequency under different magnetic ﬂux

densities for SR/CI ((a), (d), (g) respectively) and SR/CI-PDA ((b), (e), (h) respectively); comparison of the change of storage modulus (c),
loss modulus (f) and loss factor (i) with frequency for SR/CI and SR/CI-PDA at magnetic ﬂux densities of 0 and 1088 mT.

reached due to the magnetic ﬁeld induced interaction between
the particles transferred effectively to the matrix.
The results set out here indicate that the surface
modiﬁcation of CI particles provide MREs with not only
improved mechanical properties but also enhanced magnetoinduced properties. Some cited research also found an
increased MR effect after surface modiﬁcation of magnetic
particles [29, 30, 45], while others have suggested the
opposite outcome [46]. This indicates that, though inconsistent, the surface modiﬁcation of magnetic particles has
signiﬁcant inﬂuence on the MR properties of MRE
composites. Selecting a suitable coating method and controlling the coating thickness is thus seen to be crucial when
designing effective MREs with both improved mechanical
properties and enhanced magneto-induced performance.

and (e)) and loss factor (ﬁgures 8(g) and (h)) as a function of
frequency at different magnetic ﬂux densities for SR/CI and
SR/CI-PDA composites. For direct comparison between SR/
CI and SR/CI-PDA, the change of storage modulus, loss
modulus and loss factor with frequency of these two
composites at zero magnetic ﬁeld and at magnetic ﬂux
density of 1088 mT are presented in ﬁgures 8(c), (f) and (i)
respectively. As can be seen from ﬁgures 8(a) and (b), for a
speciﬁc magnetic ﬂux density, the storage modulus of both
SR/CI and SR/CI-PDA increased with increasing testing
frequency. The same phenomenon has been reported in
several publications [15, 29, 32, 33]. This is because when the
frequency was increased, the deformation of the matrix
molecular chain lagged behind the change in shear force and
the dynamic response time of the samples decreased, which
resulted in an increased stiffness for the whole system [15].
The zero-ﬁeld storage modulus of SR/CI-PDA was lower
than that of SR/CI and the magneto-induced storage modulus
of SR/CI-PDA was higher than that of SR/CI in the whole
frequency range (ﬁgure 8(c)).
Figures 8(d) and (e) show that in the absence of a magnetic
ﬁeld, the loss modulus of both SR/CI and SR/CI-PDA

3.3.2. Frequency dependent viscoelastic properties. The

frequency dependent viscoelastic properties of MREs was
investigated. The strain amplitude was kept at 0.1% and the
frequency was varied in the range of 0.1–100 Hz in all
frequency tests. Figure 8 shows the change in storage
modulus (ﬁgures 8(a) and (b)), loss modulus (ﬁgures 8(d)
8
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Figure 9. Dependence of shear storage modulus, loss modulus and loss factor on strain amplitude under different magnetic ﬂux densities for
SR/CI ((a), (d), (g) respectively) and SR/CI-PDA ((b), (e), (h) respectively); comparison of the change of storage modulus (c), loss modulus
(f) and loss factor (i) with strain amplitude for SR/CI and SR/CI-PDA at magnetic ﬂux densities of 0 and 1088 mT.

composites increased with increasing frequency. However, when
the magnetic ﬁeld was applied, the loss modulus for both SR/CI
and SR/CI-PDA composites showed a decrease at low
frequencies (of about 1 Hz) and then increased with increasing
frequency. The same trend was observed for the change of loss
factor with increasing frequency (ﬁgures 8(g) and (h)). Yu et al
also reported this phenomenon in their work and ascribed this
slight decrease in loss modulus in the initial stages to the friction
transition from static friction at low frequency to dynamic
friction at high frequency [29]. The loss modulus and loss factor
of SR/CI-PDA in magnetic ﬁelds was higher than that of SR/CI
due to greater energy loss in deformation for the SR/CI-PDA
composites (ﬁgures 8(f) and (i)).

the SR/CI and SR/CI-PDA composites. For direct comparison
between SR/CI and SR/CI-PDA, the change of storage
modulus, loss modulus and loss factor with strain amplitude
of these two composites at zero magnetic ﬁeld and at magnetic
ﬂux density of 1088 mT are presented in ﬁgures 9(c), (f) and (i)
respectively. Figures 9(a) and (b) show that the storage modulus
of both SR/CI and SR/CI-PDA decreased with the increasing
strain amplitude, highlighting the characteristic strain softening
effect also known as Payne effect. Furthermore, it was found
that the Payne effect became more signiﬁcant at higher magnetic
ﬂux densities. This is because magnetic interactions between the
particles were stronger at higher magnetic ﬂux densities, and the
reduction in the magnetic interactions between magnetic
particles was more pronounced with increasing strain [47]. As
a consequence, the magnetic-induced storage modulus was
reduced with increasing strain amplitude. It also should be noted
that the magneto-induced Payne effect was more marked for
SR/CI-PDA because of the lower zero-ﬁeld storage modulus of
SR/CI-PDA (ﬁgure 9(c)) as described earlier.
Figures 9(d) and (e) show the change of loss modulus
with increasing strain amplitude for SR/CI and SR/CI-PDA
respectively. It can be seen that the loss modulus of both SR/

Strain-dependent viscoelastic property. Following
frequency tests, the strain-dependent viscoelastic behavior of
SR/CI and SR/CI-PDA composites was evaluated. In the strain
sweep experiments, the strain amplitudes were varied between
0.005% and 20% at a constant frequency of 10 Hz. Figure 9
shows the change of storage modulus (ﬁgures 9(a) and (b)), loss
modulus (ﬁgures 9(d) and (e)) and loss factor (ﬁgures 9(g) and
(h)) with strain amplitude at various magnetic ﬂux densities for

3.3.3.
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improved mechanical properties and enhanced magnetic ﬁeld
induced changes in modulus, the MREs containing polydopamine modiﬁed CI particles present the possibility of
wider applications and greater durability for SR based MREs.

CI and SR/CI-PDA increased with increases in strain at small
strain amplitudes. This can be explained by the greater energy
needed for continuous rupture due to the magnetic interaction
between particles with increasing strain amplitude. When the
strain amplitude was further increased, the Payne effect
caused a signiﬁcant decrease in loss modulus, primarily
because of the reduced particle interactions owing to the
increased particle distances under high strain.
The change of loss factor with increasing strain
amplitudes for SR/CI and SR/CI-PDA is depicted in
ﬁgures 9(g) and (h) respectively. In the absence of a magnetic
ﬁeld, the loss factor increased slightly as the strain amplitude
increased. However, the change of loss factor in the presence
of a magnetic ﬁeld was dramatically different. We can see that
the effect of strain amplitude on loss factor was more
pronounced than when a magnetic ﬁeld was absent for both
SR/CI and SR/CI-PDA. This is because the application of a
magnetic ﬁeld caused the restructuring of magnetic ﬁllers and
the formation of magnetic couplings between magnetic
particles which are strong enough to resist breakage at small
strain amplitudes [48]. Hence, the energy dissipation was
reduced and the loss factor decreased compared with values
obtained in the absence of magnetic ﬁeld. With increasing
strain amplitude, the breaking of the magnetic coupling
demanded energy and resulted in an increased loss factor. The
increase of loss factor with increasing strain amplitude in the
range of 0.005%–20% was more pronounced for SR/CI than
for SR/CI-PDA (ﬁgure 9(i)). This is because the improved
particle-matrix interactions in SR/CI-PDA restricted the
relative interface movement of CI particles at higher strain
amplitude, which reduced the energy dissipation and consequently led to an indistinct increase of loss factor with
increasing strain.
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